Semiconductor quantum dots are promising nanostructures for their application in solar cells of the 3rd generation, photodetectors, light emitting diodes, and as biological markers. However, the issue concerning the influence of superficial organic stabilizers (ligands) on the energy of excitons in quantum dots still remains open. In this work, by analyzing the optical spectra of colloidal solutions and films of ZnSe quantum dots stabilized with 1-thioglycerol, it is found that the energy of excitons and their migration depend not only on the quantum confinement effect, but also on the superficial contribution from the thiol stabilizer group -SH. The dependence of the exciton energy in ZnSe quantum dots on the surface stabilizer concentration is experimentally revealed for the first time. The short size of the stabilizer molecular chain and the large initial energy of excitons are shown to result in the effective migration of excitons over an array of quantum dots.
Introduction
Organic ligands, when being placed onto the surface of semiconductor quantum dots (QDs), play an important role and, depending on such parameters as their chemical origin, the length of molecular chains, the forces bonding them to the QD surface, and their concentration, can perform various functions [1] . The simplest of those functions is the passivation of dangling bonds of superficial atoms. This function prevents the formation of defect states in QDs and enhances the quantum yield of the latter. The stabilization of QDs with organic ligands also prevents their aggregation in solutions and allows the formation of ordered and densely packed 3D or 2D arrays (superlattices or films) to be carried out. However, if the molecular chain length of ligands is considerablee.g., as in oleic acids (about 2.0 nm) -then, according to their electrical properties, such structures can become insulators. Therefore, a necessity often arises to substitute long organic ligands by shorter ones which chain lengths are not longer than 1 nm [1] [2] [3] . The study of the processes of QD surface capping showed that the optical and electrical properties of the treated QDs, as well as their arrays, depend to a large extent on the type of organic ligands, their chemical origin, the anchor group, and the number of ligands on the QDs surface [1] . It was found that, depending on the chemical nature of the ligand anchor group and the ligand amount, the optical gap of the complex QD + ligand can either decrease or increase. In the former case, the gap reduction makes it possible to "pull out" an electron or a hole from the QD and to prevent their recombination. In the latter case, on the contrary, owing to the compression of the exciton wave function, it becomes possible to increase the energy of − ℎ pairs [1] [2] [3] [4] [5] [6] . Along with the quantum confinement effect, which nowadays is the most studied property of semiconductor QDs, this circumstance allows their energy to be controlled in a wide interval of their sizes, and the wave function of charge carriers in QDs to be governed without changing the actual sizes of QDs.
In the prevailing number of cases, typical organic ligands of colloidal QDs are ligands with hydroxyl, thiol, or carboxyl anchor groups or with an amino group. Ligands possess different affinities with respect to superficial QD atoms, which depend on the type of the bond that they mutually form between them. For example, the highest affinities with respect to CdSe and CdS QDs belong to thiols (thiolates), which form a covalent bond with the superficial Cd atoms [4] [5] [6] . The treatment of the surface of CdS and CdSe QDs with dithiocarbamates reduces the forbidden gap in those QDs by about 970 and 220 meV, respectively, by means of the hole delocalization at a ligand molecular orbital. This is the so-called bathochromic effect, which enables holes or electrons to be "pulled out" from QDs, preventing their recombination and not changing the QD chemical composition [4, 5] . The efficiency of those processes in the colloidal solutions of hole-acceptor complexes depends on the position of HOMO-LUMO ligand levels with respect to the valence and conduction bands in the QDs and with respect to the vacuum level. If a QD-ligand complex belongs to type-II, then holes rapidly transit from the QD into the ligand shell, as it takes place, e.g., in the CdSe QDphenyldithiocarbamate (PTC) complex [7] [8] [9] [10] [11] [12] . Nowadays, those processes are mainly studied on the basis of QDs of CdX and PbX (X = S, Se, Te) chalcogenides [1, [4] [5] [6] . At the same time, ZnX QDs remain little researched owing to a complicated procedure of their synthesis and their rather wide optical gap.
The reverse action of organic ligands has also been studied rather poorly, since it is believed to be less important from the practical viewpoint and lead to the additional localization of excitons in QDs. As a result of the reverse ligand action and an increase of the optical gap in QDs, there arises a hypsochromic shift, so that the bands in the absorption or transmission spectra become shifted toward short waves. This phenomenon was observed in CdSe and CdS QD films treated with ionic cyanides [13] [14] [15] . The authors of the cited works came to the conclusion that an increase of the optical gap in CdSe QDs can be a result of the electrostatic compression of the exciton wave function due to the interaction of cyanides (the negative CN −1 fragment) with the superficial Cd and Se atoms.
The short-wave shift of the absorption band was also observed in CdSe QDs, when their surface was treated with amines. However, this shift was explained by changes in either the size or chemical structure of QDs, and today there is no consensus concerning the origin of this phenomenon.
Other issues that have been little studied till today are the creation of films on the basis of colloidal solutions with treated QDs and how the optical spectra of the charge carrier energy transform at the transition from colloidal solutions to solid films. The importance of such studies consists in that it is QD films that form a basis for the creation of optoelectronic devices. However, once again, such studies are not comprehensive at present.
In this work, the optical spectra of colloidal solutions of ZnSe QDs, both pure and stabilized with 1-thioglycerol (hereafter, ZnSe-TG QDs), as well as films on their basis, have been analyzed. The chosen thiol-based ligand is well known, and it is often used to stabilize QDs, because, at one end of its molecular chain, there is a thiol -SH group with an affinity to the ZnSe QD atoms. We have shown for the first time that the interaction of the thiol -SH group of the stabilizer with the superficial atoms of ZnSe QDs, in combination with the quantum confinement effect, significantly increases both the exciton energy in the QDs and the QD optical gap. The account of this contribution gives rise to good agreement between experimental and theoretical results.
Experimental Part
Colloidal solutions and films of ZnSe QDs on quartz substrates were fabricated making use of Sigma-Aldrich materials without their additional purification. Quantum dots of ZnSe were synthesized in the exchange reaction between NaHSe and Zn(NO 3 ) 2 · 6H 2 O in the presence of thioglycol C 3 H 8 O 2 S (TG) in the aqueous solution [16] . Colloidal QD solutions were obtained by dissolving Zn(NO 3 ) 2 · 6H 2 O in deionized water with the addition of TG at pH = 11; then N 2 was passed through the solution for 30 min at room temperature; afterward, 5 ml of NaHSe was added, and the mixture was stirred for 2 h in the N 2 atmosphere at the temperature ≈ 100 ∘ C. Two series of ZnSe QDs specimens with the molar ratios Zn 2+ : Se 2− = 2 : 1 (specimens S21) and 1 : 1 (specimens S11) were synthesized. In order to obtain ZnSe-TG QDs, the masses (TG) = 2.5, 5, 7, and 10 mmol of TG were added to the solution in the case of S21 specimens, and the TG masses (TG) = 3.5, 5, and 10 mmol in the case of S11 ones. With the addition of TG, the solution changed its color from transparent to orange at ≈ 5 mmol in the former case, and at ≈ 10 mmol in the latter one. The concentration of ZnSe QDs in both specimens (S21 and S11) was the same, 0 (QD) = 8.3 mmol/l.
The hydrodynamic radius of the ZnSe QD-TG complex was obtained by analyzing the dynamic light scattering (DLS) on a Zetasizer Nano ZS installation. According to the data obtained and taking the TG molecule length ℓ ≈ 0.75 nm into account, the average radius of ZnSe QDs was determined to equal 0 ≈ 2.9 ± 0.2 nm. Owing to the quantum confinement effect, the energy of excitons in a QD with this radius comprises only about 10% of the energy gap width in the ZnSe bulk, 0 , which can be estimated in the framework of the model "a particle in a spherical potential well" with an infinite barrier height or with a height that is comparable with 0 (TG) (see below). The DLS was also used to monitor the dimensions of the ZnSe QD-TG complex after every addition of the stabilizer.
Thin films on the basis of S21 specimens with (TG) = 2.5, 5, 7, and 10 mmol (F2.5, F5, F7, and F10, respectively) were deposited onto quartz substrates using the spin-coating method. The ratio between the number of TG molecules and the number of ZnSe QDs in the solutions used for fabricating those films can be roughly estimated as 0.28 × 10 2 , 0.55 × 10 2 , 0.77 × 10 2 , and 1.1 × 10 2 , respectively. However, it was quite difficult to evaluate the number of TG molecules that became directly bound to the superficial atoms in ZnSe QDs. Currently, this procedure is one of the most complicated. Even the application of such methods as 1 H nuclear magnetic resonance (NMR) allows the number of the QD superficial atoms to be determined only approximately.
The morphology and the structure of the films were studied on a scanning electron microscope JSM-6490 LV (JEOL) equipped with an attachment for chemical analysis Oxford Instruments EDS INCAxact. The stationary absorption spectra of the solutions of pure TG and with the ZnSe-TG QDs in standard 1-cm quartz cuvettes were registered on a SHIMADZU UV mini-1240 spectrometer, and the absorption spectra of ZnSe-TG QD solid films on a SHIMADZU-2450 UV-vis-NIR spectrometer. A spectrometer PERKIN-ELMER LS-55 was used to register photoluminescence spectra.
Results Obtained and Their Discussion
3.1. Superficial contribution to the 1 exciton transition energy in the optical spectra of ZnSe QD colloidal solutions and films
Below, we will demonstrate and qualitatively substantiate the emergence of the hypsochromic effect in TG-stabilized ZnSe QDs, i.e. the reverse ligand action on the optical gap magnitude in QDs. Unlike the intensively studied bathochromic effect [1] , the hypochromic one, as far as we know, was mentioned only in two works dealing with CdSe QDs, whose surface was treated with cyanides (the CN cyanogroup) [13] [14] [15] . A possibility for this effect to exist in ZnSe QDs treated with ligands with the thiol -SH group was theoretically shown in work [17] . In the mentioned works, it was noted that the reverse ligand action is electrostatic by its origin and, in general, is similar to the polarization effect detected earlier in II-VI semiconductor QDs synthesized in borosilicate glass [18, 19] . The mismatch of dielectric permittivities in the QDs and glass gives rise to the polarization of the interface between them and the appearance of a polarization potential and an image charge that affect the motion of excitons in the QDs by increasing their energy. The authors of work [17] , in the framework of the density functional theory, showed that the action of the thiol -SH group on the superficial metal atoms in ZnSe QDs can also bring about a similar effect. As a result of the chemisorption, the passivating H atom of the -SH group binds to the Zn atom, borrows some of its charge, and localizes it at its own site. When an H atom is bound to a Se one, the charge becomes accumulated near the middle point between those atoms. In the free state, thiols cannot join to the superficial atoms in ZnSe QDs, and, therefore, they dehydrogenate, by releasing the H atom. As a result, the bound state becomes a thiolate. In this case, the binding energy strongly increases, as the QD radius diminishes [20] [21] [22] [23] . The charge accumulated at the ZnSe QD surface forms a potential that increases the exciton energy by electrostatically compressing the exciton wave function, so that there arises a short-wave shift of the 1 transition energy in the TG-stabilized ZnSe QD. It should be noted that this effect of TG on the charge carrier energy in ZnSe QDs may probably be selective, i.e. it may not be observed in other systems.
At first, let us consider the energy diagram of the ZnSe QDs-TG complex and estimate the exciton energy making allowance for the quantum confinement effect. Figure 1 demonstrates the energy diagram of the ZnSe-TG QD belonging to type-I, when the wave functions of the − ℎ pairs are localized in the QD. The figure also demonstrates the positions of the conduction (CB) and valence (VB) bands in the bulk ZnSe reckoned from to the vacuum level, the notations 1S and 2S are used to indicate the quantum energy levels of the electrons and holes in the QDs, and the notations HOMO and LUMO marks the TG levels. Note that the type of an energy diagram (type-I or type-II) is determined by the positions of the HOMO and LUMO levels of TG, both with respect to the vacuum level and to the CB and VB in ZnSe. Although the TG gap is rather substantial, 0 (TG) ≈ 5.1 eV [22, 23] , it is the absolute positions of the HOMO and LUMO levels that determine the energy diagram type of the complex.
We found that capping the QD surface with TG molecules does not reduce the optical gap of the ZnSe QD-TG complex, as is also evidenced by the positions of the absorption and photoluminescence bands in the examined specimens. This could happen, if the HOMO (LUMO) level of TG would be below (above) the VB (CB) level in ZnSe. In this case, the exciton dissociation would have led to a capture of an electron or hole into the ligand shell and to a reduction of the QD optical gap, so that a long-wave shift of the absorption band in TG-stabilized ZnSe QDs with respect to the same band in pure QDs would have been observed. Since all that does not happen, we may assert that the energy diagram of the ZnSe-TG QD belongs to type-I. Therefore, we obtain a possibility to estimate the energy of the exciton 1 transition, 1 , in a ZnSe QD with the radius 0 in the framework of the model "a particle in a spherical potential" [18, 19] , if assuming the confinement potential barrier created by TG at the ZnSe QD surface to be infinitely high.
As a result, we obtain 1 ( 0 ) ≈ 2.9 eV ( ≈ ≈ 427 nm). The calculated value correlates well with its counterpart obtained in work [22, 23] for ZnSe QDs with 2 0 = 5.7 ± 0.4 nm ( ≈ 423 nm). The position of 1 ( 0 ) is marked by an arrow in Fig. 2 . It is shifted by ≈ 220 meV with respect to 0 owing to the quantum confinement effect. If the role of TG molecules were only reduced to the stabilization of ZnSe QDs and the creation of a potential barrier for charge carriers, then the maximum in the absorption band of the ZnSe QD-TG complex would coincide with 1 ( 0 ). However, as one can see from Fig. 2 , this is not the case. Figure 2 also exhibits the absorption bands of the colloidal solutions of S11 (curve 1 ) and S21 (curve 2 ) specimens and pure TG (curve 3 ). The shape of band 1 has several peculiarities. Its first peak (at about 365 nm) is formed by exciton tran-sitions from the 1 state, which is shifted toward the short-wave side by ≈ 500 meV with respect to 1 ( 0 ). Band 1 has a peak (at about 300 nm) formed by either 1 − 2 ℎℎ exciton transitions or 1 −1 ℎ electron transitions onto the energy level of light holes ( ℎ). In the ultraviolet interval, this band has another peak (at about 250 nm). It is generated by the absorption of TG molecules that are fixed at the ZnSe QD surface. This peak is shifted toward lower energies as compared with a similar peak in band 3 formed by pure TG molecules.
The position of the first peak in band 1 with respect to 1 ( 0 ) could be explained by the presence of ZnSe QDs with smaller dimensions (and higher exciton energies), which could be generated in the course of growth, when TG was added. This is a typical situation where a certain amount of stabilizer is added during the process of QD growing [1] . However, as was said in Section 2, the dimensions of ZnSe QDs remained invariant, when TG was added in the course of QD growing, which was shown by monitoring them with the help of DLS. From whence, we may conclude that the shift of the 1 exciton energy level by in S11 specimens is a result the TG reverse action, which induces the compression of the wave function of excitons in the QDs and increases their energy. The chemisorption of molecules on the QD surface decreases their HOMO-LUMO gap in comparison with pure TG molecules, which is the evidence of that the superficial contribution to the exciton energy is associated with the ligand action.
An important indicator of the reverse ligand action on the exciton energy in QDs is the ratio between the parameters and , which is less than unity in our case. Earlier, we showed [16] that this ratio exceeds unity for the same ZnSe QD-TG complexes but with 0 ≈ 2.0 nm and fixed on quasispherical substrates. This variation of the ratio / is a consequence of the different dependences of those parameters on the QD radius. At the qualitative level, it can be explained as follows. If the quantity depends on the QD size as −2 0 , then the quantity is most likely to have a linear or superlinear dependence and, therefore, becomes larger than at a certain 0 -value. Another evidence of the reverse TG action can be obtained by analyzing the position of band 2 in the absorption spectra of S21 specimens; this band is also depicted in Fig. 2 . Recall that the QDs in S21 specimens are characterized by the molar ratio Zn 2+ : Se 2− = 2 : 1. The QD components are often used in various ratios in order to reduce the QD size dispersion. Therefore, the asymmetry between the molar concentrations of components does not lead to the QD size growth. Using DLS, we also found that the growth of the Zn 2+ concentration in the solution did not result in an increase of the QD size, because the excess of Zn 2+ ions becomes most likely bound with the -OH groups in TG. It is probable that the excess of Zn 2+ ions on the QD surface gives rise to an increase of the surface charge and potential in comparison with the S11 solutions and, consequently, to the short-wave shift of the 1 transition energy in those solutions by about 100 meV as compared with the analogous transition in the S11 solutions.
The absorption bands 1 and 2 in Fig. 2 were registered for the S11 and S21 samples with a maximum molar concentration of TG, 10 mmol/l. If the superficial contribution had been really depend on the number of TG molecules bound to the superficial QD atoms, then the positions of the absorption bands 1 and 2 would have been dependent on 0 (TG). However, within the limits of experimental errors, we did not manage to reliably detect this dependence. It may be a result of the changes that the binding process of TG molecules with the superficial QD atoms undergo at 0 (TG) ≥ 2.5 mmol/l. As a result, the color of the specimens changes (see also two models for the binding of the CH 3 -TP ligand with CdSe QDs [24] ). It is probable that this change obscures the dependence concerned.
To get rid of this factor, we fabricated solid films on the basis of the S21 solutions on quartz substrates. The thermal treatment and the film formation can reduce the number of TG molecules on the QD surface and change their internal structure. In spite of that, the absorption spectra of the films had more pronounced absorption peaks formed by 1 transitions, which allowed their dependence on 0 (TG) to be revealed. Points in Fig. 3 demonstrate the energies of 1 transitions in the F2.5, F5, F7, and F10 films determined from the corresponding absorption bands at various values of the ratio 0 (TG)/ 0 (QD). Only the absorption bands for the F2.5 and F10 films are shown in the inset in order not to clutter it. Figure 3 also demonstrates the 1 transition energy 1 ( 0 ) and the ZnSe gap energy 0 (ZnSe). One Since this compression cannot be too large, the energy reaches a "plateau", as one can see in the figure. As was mentioned above, this situation is similar to that observed in spherical QDs of II-VI semiconductors with the dielectric constant 0 embedded into a matrix with dielectric constant 1 in the case where 1 < 0 . The polarization contribution to the exciton energy was approximately equal to ( 0 − 1 )/(2 0 1 ) and emerged owing to the dielectric mismatch and the polarization of the interfaces between the QDs and the matrix [18, 19] . In our structures, the superficial contribution to the exciton energy should also depend not only on the number of TG molecules bound to the superficial QD atoms, but also on the dielectric constant in a near-surface layer with a thickness of about ℓ formed by TG around a ZnSe QD. The exciton energy is determined not only by the TG molecules that are bound to the QD surface, but also by those that are simply located on it without any binding. Unfortunately, the theoretical substantiation of those problems is almost absent now.
Manifestations of exciton migration in photoluminescence spectra of ZnSe QD films
Unlike the bands in the absorption spectra of the films, the position and shape of photoluminescence bands are governed by the exciton migration and the size dispersion of ZnSe QDs. Provided the latter, the migration process can be explained, on the whole, as follows. Light-activated − ℎ pairs in the QDs try to reduce their energy, so that they tunnel into those neighbor (nearest) QDs with a lower energy, with which the overlapping of wave functions is the largest. Tunnel jumps of excitons between such QDs are possible, if the time of their radiative recombination in QDs, 0 , is larger than the time of their jump into the neighbor QDs, ℎ , i.e. if 0 > ℎ . Tunnel jumps are governed by a number of parameters such as the exciton energy (the quantum confinement effect); the minimum distance between the surfaces of neighbor QDs, ℓ; the height of the potential barrier created by TG; and the degree of QD dense packing in the array. The last three parameters are almost constant in a free densely packed QD array, whereas the exciton energy decreases as approximately −2 at every jump. When migrating, the excitons reach QDs with the radius , in which 0 ≈ ℎ . Here, they are accumulated to form a peak of the photoluminescence band. The presence of QDs with this radius makes the migration of excitons and the position of their peak in the photoluminescence band independent of the excitation wavelength.
For the migration of excitons over the QD array to be efficient, it is necessary that the exciton wave functions in the neighbor QDs should substantially overlap each other. Therefore, a relative volume occupied by QDs in the films has to be not less than about 0.3 [25, 26] . In our specimens, it was amounted to
Assuming the spatial distribution of QDs to be random (Poisson-like), taking into account that they are not points but have finite dimensions, and using the results of our works [25, 26] , we estimated the distance between the centers of the nearest ZnSe QD-TG complexes as about 6.0-6.2 nm, which is comparable with the value of the quantity 2 0 +ℓ. This correspondence of the results proves that the QDs in our films were densely packed indeed, so that the exciton migration process was efficient. Figure 4 exhibits the photoluminescence band of the F2.5 film registered at various excitation wavelengths ranging from 1 to 5 . The 1 peak of this band is located at 1 ≈ 403 nm, being shifted by about 440 meV with respect to the peak in the absorption band. A characteristic feature of this peak, as one can see from the figure, is its position that does not depend on the excitation wavelength. This fact proves the existence of QDs with in the framework of the model proposed above. Therefore, by applying the model "a particle in a spherical potential", we determined the QD radius corresponding to the maximum of the photoluminescence band, ≈ 2.3 nm, and the ratio / 0 ≈ 0.8.
Another specific feature of this peak is the growth of its intensity with the excitation wavelength from 1 to 5 (which corresponds to a reduction of the excitation energy), although the number of excited QDs decreases at that. This phenomenon can be explained by the growth of the light absorption depth in the film and the approach to the resonance, where the majority of generated excitons recombine in the 1 state, as is evidenced by a drastic increase of the intensity of the photoluminescence band 5. The position of the exciton photoluminescence band in Fig. 4 is atypical exactly because < 0 . As a rule, at their migration in densely packed arrays, excitons reach QDs with radii of about (1÷2) × 0 that are located in the tail of a distribution function (Gaussian) [27] . However, in our case, the compression of excitons reduces the overlapping degree of the wave functions between neighbor QDs to exponentially small values. The overlapping is sufficiently large only for small QDs with high kinetic energies of excitons, which are at the beginning interval of the distribution function. The migration of excitons occurs exactly between such QDs. Therefore, the intensity of the short-wave section in the photoluminescence band falls drastically, in contrast to the long-wave section, which is formed by the distribution function. This fact is another proof in favor of the proposed model concerning the electrostatic compression of the exciton wave function in QDs.
Another recombination channel forming a broad peak in the photoluminescence band with a maximum at about 0 is shown in Fig. 4 and is associated with excitons captured at the energy levels located in the QD band gap. These levels can arise owing to the internal defects in the QD lattice and to the states on the QD surface. The latter assumption is supported by the fact that, when the number of TG molecules on the QD surface increases, the intensity of the 1 transition band in the photolumi-nescence spectra of the F5 films decreases by a factor of about six in comparison with the similar transition in the F2,5 films, which is shown in Fig. 5 . Thus, a channel of exciton recombination through superficial defect states becomes open. The appearance of the latter leads to the change of the film color from light gray at 0 (TG) = 2.5 mmol/l to red-brown at 0 (TG) = 5 mmol/l, which is a characteristic feature of the defect state formation in ZnSe-based quantum structures with various dimensions.
As the TG concentration was increased further to 7 and 10 mmol/l, the number of defect states and the intensity of their photoluminescence continued to grow. It should be noted that, at the concentrations 0 (TG) ≥ 5 mmol/l, the stability of ZnSe QDs in the solution became optimal. It occurred most likely owing to the steric stabilization of QDs, which was a result of the presence of a considerable number of TG molecules on their surfaces. A relation between the optimal stability of ZnSe QD solutions with the concentrations 0 (TG) ≥ 5 mmol/l and the formation of a significant number of defect QD states remains unclear till now. Therefore, this problem should be studied further.
Conclusions
The results obtained for the solutions and solid films of ZnSe QDs stabilized with 1-thioglycerol allowed a significant contribution (about 500 meV) of this stabilizer to the exciton energy to be detected for the first time, and its mechanism to be elucidated. The analysis of the solution absorption spectra showed that this contribution has an electrostatic origin and is not associated with chemically induced changes in the QD structure or the variation of the QD size during the process of QD growth. As a whole, this stabilizer action resembles the effect that was observed in II-VI semiconductor QDs in matrices with a significant dielectric mismatch. The assumption was made that this effect of TG on the exciton energy in ZnSe QDs is selective and could be absent, when using stabilizers with an anchor group different from the thiol one.
